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clathrin assembly initiates with the binding of adaptors
(e.g., AP-2) to receptors or other docking sites in the
plasma membrane, with subsequent recruitment of
clathrin molecules. As the coat forms, the underlying
membrane invaginates and a coated vesicle pinches off
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clathrin molecules are mobilized to form new coated
pits (Brodsky et al., 2001).
In neurons, the actions of clathrin have been exten-Summary
sively studied in presynaptic terminals, where endocyto-
sis recycles the proteins and lipids of neurotransmitter-Endocytosis is a fundamental mechanism by which
neurons control intercellular signaling, nutrient up- containing vesicles (Augustine et al., 1999; Slepnev and
De Camilli, 2000). Clathrin-mediated endocytosis in pre-take, and synaptic transmission. This process is car-
ried out by the assembly of clathrin coats and the synaptic terminals is functionally coupled to synaptic
vesicle exocytosis (Gad et al., 1998; Sun et al., 2002),budding of clathrin-coated vesicles from the neuronal
plasma membrane. Here, we demonstrate that in although these two membrane trafficking steps occur
at distinct membrane domains around and at the activeyoung neurons, clathrin assembly and disassembly
occur rapidly, locally, and repeatedly at “hot spots” zone, respectively (Brodin et al., 2000; Miller and Heuser,
1984; Teng et al., 1999). In contrast to the wealth ofthroughout dendrites and at the tips of dendritic filo-
podia. In contrast, clathrin coats in mature dendrites information about presynaptic endocytosis, little is
known about the location or regulation of clathrin-medi-reside in stable, long-lasting zones at sites of endocy-
tosis, where clathrin undergoes continuous exchange ated endocytosis within postsynaptic compartments.
Recent studies support a role for postsynaptic endo-with local cytosolic pools. In dendritic spines, endo-
cytic zones lie lateral to the postsynaptic density (PSD) cytosis in synaptic transmission and plasticity (Kittler et
al., 2000; Luscher et al., 1999; Man et al., 2000; Wang andwhere they develop and persist independent of synap-
tic activity, akin to the PSD itself. These results reveal Linden, 2000). At inhibitory synapses, GABAA receptors
associate with clathrin-coated pits and undergo ago-the presence of a novel specialization dedicated to
endocytosis near the postsynaptic membrane. nist-dependent endocytosis (Moss and Smart, 2001). At
glutamatergic synapses, clathrin-mediated endocytosis
controls synaptic efficacy and mediates internalizationIntroduction
of both AMPA and NMDA receptors (Carroll et al., 2001;
Ehlers, 2000; Roche et al., 2001). Moreover, in additionNeurons react and adapt to their environment by modi-
fying their responsiveness to extracellular stimuli. Such to neurotransmitter receptors, endocytosis of adhesion
molecules and growth factor receptors regulates den-adaptability relies on precise control over the number
of receptors and ion channels present at localized re- dritic growth and synaptic signaling (Beattie et al.,
2000b). Nevertheless, although coated pits and vesiclesgions of the complex neuronal cell surface. Many mem-
brane proteins, including G protein-coupled receptors, have been observed by electron microscopy in den-
drites and spines (Cooney et al., 2002; Spacek and Har-receptor tyrosine kinases, and ligand-gated ion chan-
nels, are transported into the cell interior in response to ris, 1997; Toni et al., 2001), the distribution of endocytic
sites and the dynamic behavior of the endocytic machin-agonist binding or other physiological stimuli (Sorkin
and Von Zastrow, 2002). Such internalization can termi- ery in dendrites remains unknown. Additionally, little
knowledge exists regarding how the clathrin endocyticnate signaling, alter neuronal sensitivity, modify synaptic
transmission, or trigger new signaling events (Beattie et apparatus is integrated with other aspects of the post-
al., 2000b; Claing et al., 2002; Moss and Smart, 2001). synaptic specialization.
In this manner, local removal of surface membrane pro- In this study, we have investigated the localization
teins by endocytosis controls the electrical and synaptic and dynamics of clathrin coats in neuronal dendrites
properties, morphology, growth, and signaling charac- and spines. Using high-resolution fluorescent imaging
teristics of neurons (Carroll et al., 2001). of hippocampal neurons expressing clathrin-GFP, we
For most membrane proteins, endocytosis occurs demonstrate that clathrin coat formation, coat dispersal,
through clathrin-coated pits (Brodsky et al., 2001; Claing and cargo transit are rapid, highly localized events which
et al., 2002; Kirchhausen, 2000; Sorkin and Von Zastrow, occur at specialized sites along the dendritic plasma
2002). Clathrin is a triskelion composed of three heavy membrane. The dynamic behavior of clathrin coats is
and three light chains that assembles into lattices on developmentally regulated and requires ongoing remod-
the intracellular surface of membranes (Brodsky et al., eling of the actin cytoskeleton. Furthermore, in dendritic
2001) to form the core structural component of the endo- spines, stable clathrin zones adjacent to the postsynap-
cytic machinery (Kirchhausen, 2000). At coated pits, tic density (PSD) form and persist over long periods of
time independent of synaptic activity. We propose that
the PSD and this endocytic zone may be two of a number4 Correspondence: ehlers@neuro.duke.edu
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Figure 1. Clathrin-GFP Reveals Endocytic
Sites throughout Dendrites
(A) Expression of clathrin-GFP in a hippocam-
pal neuron (21 DIV). Scale bar, 10 m.
(B) Immunoblot analysis of lysates from non-
transfected (NT) cortical neurons or cortical
neurons expressing clathrin-GFP or GFP
alone using an anti-GFP antibody. Molecular
mass markers in kilodaltons are shown.
(C) Clathrin-GFP (green) colocalizes with en-
dogenous clathrin heavy chain (red) in neu-
ronal dendrites. Arrows indicate examples of
colocalization. Scale bar, 1 m.
(D) Clathrin-YFP puncta (green) were associ-
ated with the dendritic plasma membrane, as
shown by coexpression with CFP (red). Scale
bar, 3 m.
(E) Clathrin-CFP puncta in dendrites colocal-
ize with YFP-2-adaptin. Arrows indicate ex-
amples of colocalized puncta. Scale bar,
3 m.
(F) A dominant-negative mutant of the coated
pit-associated protein Eps15 (Eps15-95-
295) disrupted the distribution of clathrin-YFP
(yellow), resulting in very few clathrin puncta
(left panel). Coexpression of an inactive mu-
tant, Eps15-DIII2, had no effect on clathrin-
YFP distribution (right panel, control). Scale
bar, 10 m.
of interacting domains within spines dedicated to pro- 2001; Gaidarov et al., 1999; Santini et al., 2002; Wu et
tein anchoring, internalization, insertion, and sorting. al., 2001). When expressed in cultured hippocampal
neurons, clathrin-GFP was distributed in a punctate pat-
tern in the perinuclear area of the soma, in axons, andResults
throughout dendrites (Figure 1A). Immunoblot analysis
of neuronal cultures expressing clathrin-GFP revealedDistribution of Clathrin Coats in Dendrites
a protein of the expected molecular weight (Figure 1B).To examine clathrin coats in live neurons, we utilized
Consistent with the expected oligomerization intofusion proteins of clathrin light chain A1 and the green
clathrin triskelia (Kirchhausen, 2000), clathrin-GFP co-fluorescent protein (clathrin-GFP), its spectrally distinct
localized with endogenous clathrin heavy chain ident-cyan (clathrin-CFP) and yellow (clathrin-YFP) variants,
ified immunocytochemically (Figure 1C; 80%  3% ofor DsRed (clathrin-DsRed) that have been well-charac-
terized in nonneuronal cells (Engqvist-Goldstein et al., clathrin-GFP spots colocalized with endogenous heavy
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chain, and pixel intensities of clathrin-GFP and immuno- are functional coated pits engaged in the endocytosis
of cargo and cargo bound receptors.cytochemical signal correlated with r  0.88  0.02).
These clathrin-GFP labeled spots were closely associ-
ated with the plasma membrane, particularly in den- Spatial and Kinetic Analysis of Clathrin Coat
drites (Figure 1D), as expected of clathrin-coated pits. Assembly and Disassembly in Dendrites
Well-isolated puncta on the membrane in confocal sec- The rates and spatial extent of clathrin recycling are
tions were the same size as images of a fluorescent unknown but are critical determinants of local endocytic
point source (Supplemental Figure S1 at http://www. capacity. We thus directly measured several steps of
neuron.org/cgi/content/full/36/3/435/DC1; additional clathrin assembly and disassembly in hippocampal neu-
information may be obtained at http://www.ehlerslab. rons. In the dendrites of young neurons (5–6 days in
org/endozone), and thus are small enough to represent vitro, DIV), clathrin accumulated at specific points,
single clathrin coats. However, at the light microscopic moved within tightly restricted regions, and subse-
level, we cannot discriminate single coated pits from quently dispersed rapidly (Figure 3A). We measured the
groups of coats within areas below our limit of resolution intensity of individual clathrin coats over time during
(225 nm) or from larger clathrin coats, such as planar each phase of the clathrin assembly/disassembly cycle
lattices that may be broader than individual pits or vesi- (Figure 3B). Fluorescence intensity during disassembly
cles (Heuser and Anderson, 1989; Larkin et al., 1986). decreased in a monoexponential manner (Figure 3C),
In dendrites and on the somatic plasma membrane, with an average time constant of 3.5  0.5 s (N  22;
clathrin-GFP colocalized with coexpressed and endoge- Figure 3D). The time course of clathrin assembly was
nous 2-adaptin, a subunit of the plasma membrane more complex but always slower than uncoating (Figure
clathrin adaptor complex AP-2 (Figure 1E and data not 3C). Fluorescence increases in some cases were nearly
shown). Furthermore, expression of the Eps15 deletion linear or followed a saturating function, but in most
mutant Eps1595-295, which binds AP-2 but lacks the cases followed an exponential growth function (Figure
ability to link to other proteins via its Eps15 homology 3C) with an average time constant of 19  3 s (N 
(EH) domains, caused the dispersal of clathrin-GFP 13; Figure 3D). The nonlinear increase in clathrin-GFP
away from coated pits (Figure 1F, left panel), similar to intensity suggests that assembly of clathrin is cooper-
its effects on endogenous clathrin (Benmerah et al., 1999 ative.
and data not shown). On the other hand, Eps15-DIII2, Analysis of coat movement showed that coats tra-
a mutant that lacks the ability to bind AP-2 (Benmerah et versed only 0.13  0.03 m as they grew from 10% to
al., 1999), did not change the distribution of endogenous 90% of their final intensity (Figure 3E), consistent with
clathrin and, as expected, did not disperse clathrin-GFP nucleation of coated pit assembly at a defined point on
(Figure 1F, right panel; and data not shown). These data the plasma membrane. Clathrin uncoating occurred over
indicate that clathrin-GFP serves as an accurate marker similarly small distances (Figure 3E, coats moved 0.18
of clathrin coats in neurons. 0.03 m as they dimmed from 90% to 10% of their initial
intensity). However, because uncoating events occurred
much more rapidly (Figure 3D), the rate of movementRapid Cargo Transit through Clathrin-Coated Pits
To more rigorously determine whether clathrin-GFP during uncoating was many times higher than during
coating (Figure 3F, 38  8 nm/s compared to 7  2 nm/puncta were functional coated pits, we monitored the
endocytosis of labeled cargo. After a 1 min pulse, Alexa s, p  0.01). To view the entire life of individual coats,
we used kymographic analysis to plot the fluorescence568-conjugated transferrin (Alexa-Tf) concentrated in
discrete spots on the plasma membrane (Figure 2A, intensity of a line in the dendrite over time (Figure 3G).
This display revealed the fast rates and extremely smallmiddle panel). These spots of Alexa-Tf initially colo-
calized with puncta of clathrin-GFP (Figures 2A and 2B; spatial scales of clathrin assembly and disassembly, as
well as the remarkable J-shaped tails that indicated theSupplemental Movie S1 on Neuron website). However,
within 3 min, little or no colocalization was observed at loss of clathrin during the uncoating reaction from a
newly budded moving vesicle (Figure 3G, brackets).the plasma membrane, and Alexa-TF was instead found
in larger, intracellular structures, consistent with rapid These observations are consistent with rapid clathrin
uncoating from vesicles in motion after budding fromtransport into endosomes (Figures 2A and 2C).
We then tracked the transit of Alexa-Tf through indi- the coated pit.
Since our spatial analysis of coating and uncoatingvidual clathrin coats at the membrane and found that
movement of cargo through the coated pit occurred events is limited by the resolution of the light micro-
scope, our measurements likely overestimate the aver-concurrently with decreases in clathrin-GFP fluores-
cence (Figures 2D and 2E), consistent with the budding age range of coated vesicle travel prior to uncoating.
Indeed, we occasionally observed what appeared to beof clathrin-coated vesicles from the plasma membrane.
In many cases, not all of the clathrin-GFP fluorescence the uncoating of a vesicle in the immediate vicinity of a
coated pit, followed directly by the reassembly of thedisappeared when Alexa-Tf internalized (Figure 2D),
suggesting that clathrin-GFP puncta mark structures clathrin at the site of the original coated pit (Figure 3H
and Supplemental Movie S2 on Neuron website). Ascapable of supporting multiple endocytic events. Quan-
titative measurements revealed that colocalization of both the original coat site and the budded vesicle were
visible simultaneously, we analyzed the fluorescenceAlexa-Tf and clathrin-GFP at the plasma membrane im-
mediately preceded the endocytosis and intracellular intensity over time at these two points in the region
(Figure 3I) and found that the loss of clathrin-GFP fromaccumulation of Alexa-Tf (Figure 2E). These results pro-
vide strong evidence that dendritic clathrin-GFP puncta the budded vesicle was concurrent with restoration of
Neuron
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Figure 2. Cargo Moves Rapidly through
Coated Pits Marked with Clathrin-GFP
(A) Timelapse images of cargo uptake using
single confocal sections of a neuron express-
ing clathrin-GFP (green, left). Transferrin con-
jugated to Alexa 568 (Alexa-Tf, red) was ap-
plied for 1 min and then washed off quickly
with solution containing excess unlabeled Tf.
Alexa-Tf concentrated in cell surface puncta
(arrows, middle panel) that colocalized with
clathrin-GFP (arrows, right panel). Over the
next 3 min, Alexa-Tf accumulated in intracel-
lular clusters (arrowheads, right panel) while
disappearing from the cell surface. Scale bar,
10 m.
(B) Single confocal sections through the prox-
imal dendrite of the cell shown in (A) 10 s after
a 1 min pulse of Alexa-Tf (red). Clathrin-GFP
(green) puncta lined the dendritic plasma
membrane and Alexa-Tf concentrated in
these clathrin coats (arrows). Scale bar, 2m.
(C) After a 3 min chase with excess unlabeled
Tf, dendritic endosomes became labeled with
Alexa-Tf (red, arrowheads) whereas plasma
membrane-associated Alexa-Tf was nearly
absent. Scale bar, 2 m. See Supplemental
Movie S1 on Neuron website for complete
timelapse.
(D) Timelapse images of a single clathrin-GFP
punctum (green, top) showing that Alexa-Tf
(red, middle) first concentrates at clathrin
coats (arrow) then moves to presumptive en-
dosomes in the cell interior (arrowhead). The
cell surface runs horizontally, with the den-
drite interior on the bottom of the image.
Scale bar, 1 m.
(E) Kinetics of clathrin-mediated endocytosis,
showing the percentage of clathrin-GFP
puncta on the plasma membrane that colo-
calized with Alexa-Tf puncta (filled circles)
and the total intensity of Alexa-Tf inside the
neuron (open squares).
fluorescence at the original coat location. The regional point of formation of each clathrin coat on the image of
the dendrite (Figure 4D) revealed preferred loci ofconservation of clathrin-GFP, despite ongoing endo-
cytic events, implies highly local and tightly regulated clathrin coat assembly both along the dendritic plasma
membrane and in filopodia extending from the shaft.exchange of clathrin between coated pits, budded vesi-
cles, and cytosolic pools. We noticed no systematic variation in the density of
clathrin assembly points along the length of the dendrite
or in relationship to established synaptic contact sitesHot Spots of Clathrin Coat Formation in Dendrites
Strikingly, the sudden loss of fluorescence correspond- (data not shown). However, clathrin puncta appeared
frequently at the tips of dendritic filopodia (Figure 4E),ing to clathrin disassembly was often immediately fol-
lowed by assembly of a new clathrin coat at the same often followed by transport toward the dendrite. To-
gether, these results identify dedicated “hot spots” forsite on the membrane (Figure 4A). Indeed, particular
points along the dendrite were statistically much more clathrin assembly in dendrites and suggest spatial re-
striction of the dendritic endocytic machinery at special-likely than others to seed clathrin assembly (Figures 4B
and 4C). Furthermore, mapping the coordinates of the ized membrane domains.
Clathrin Dynamics in Endocytic Zones of Dendrites
439
Figure 3. Rapid Kinetics and Localized Spa-
tial Dynamics of Clathrin Recycling in Den-
drites
(A) Timelapse images from a hippocampal
neuron (6 DIV) showing assembly of clathrin
at a new punctum (arrow) and the disappear-
ance of clathrin from another (arrowhead). A
new coat assembles nearby after the previ-
ous one disperses (asterisk). Note unequal
time intervals. Scale bar, 1 m.
(B) Stages of clathrin cycling that can be dis-
tinguished by analysis of clathrin coats in
both time and space. Accumulation of
clathrin during coat assembly (blue) is fol-
lowed by a phase of relatively stable clathrin
molecule numbers that includes vesicle bud-
ding and can include vesicle movement (red).
Clathrin uncoating (green) can take place
near the site of assembly or at more distant
sites after the coated vesicle has moved
away.
(C) Fluorescence intensity of a single clathrin
coat as a function of time tracked in two di-
mensions as it assembled (blue line) and dis-
assembled (green line). Lines are single expo-
nential fits to the data.
(D) Average time constants of clathrin coat
assembly and uncoating derived from plots
as in (C). (N  13 and 22 puncta for coating
and uncoating, respectively; *p  0.001.)
(E) Left panel, fluorescence intensity of a sin-
gle clathrin coat as it assembles (blue), stabi-
lizes (red), and uncoats (green) plotted as a
function of time. Right panel, fluorescence
intensity of the same clathrin coat plotted as a
function of its distance from its initial location
during assembly (blue), stable presence at
the membrane (red), and uncoating (green).
(F) An overall measure of movement during
clathrin assembly or disassembly. The net
distance moved was measured as coat fluo-
rescence increased from 10% to 90% of max-
imal intensity (Coat, N  12) or dimmed from
90% to 10% of maximal intensity (Uncoat,
N  22), and divided by the duration of the
event (*p  0.001).
(G) Life cycle of clathrin coats viewed in en-
tirety in kymographs (fluorescence intensity
along a line drawn down the dendrite plotted
over time) from a 6 DIV neuron. Arrows mark
initiation of coat assembly. Curly braces mark
the J-shaped tails that accompanied the dis-
appearance of many clathrin coats, indicating
vesicle budding and movement followed by
rapid uncoating. Scale bars 0.5 m, 10 s.
(H) Local recycling of clathrin following bud-
ding and uncoating. A long-lasting clathrin
coat (small blue squares) gives rise to a sec-
ond (small red squares; peak intensity in-
frame marked with red asterisk), which then
disappears as the original spot brightens. Se-
quential images acquired at 0.7 Hz in a 5 DIV
hippocampal neuron. Scale bar, 0.5 m. See
Supplemental Movie S2 on Neuron website
for complete timelapse.
(I) Fluorescence intensity of two small regions
overlying the centers of the parent (blue) and
budded (red) spots in (G), and of the average
intensity in a larger region encompassing
both spots (white square). Red asterisk marks
time on the graph corresponding to the indi-
cated frame in (G). Total clathrin-GFP fluores-
cence over the entire region remained con-
stant (white squares).
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Figure 4. Repeated Cycles of Clathrin As-
sembly and Uncoating Reveal Preferred Sites
of Endocytosis in Dendrites
(A) Kymograph analysis of a short stretch of
dendrite. Note that clathrin coats formed re-
peatedly at the same site. Scale bars 0.3 m,
10 s.
(B) Histogram of the number of clathrin
puncta that appeared at each location along
a length of dendrite (inset) during a 210 s
image series. Bins are two pixels (135 nm)
wide.
(C) The inverse of the probability of forming
the observed number of puncta in a bin, as-
suming a random distribution. Note the axis
break on the ordinate with a log scale above
it, and the small y values on the graph when
the number of puncta formed was 2.
(D) Locations of clathrin coat formation
mapped onto a single image from the series
taken from the same cell as in (A) and (B).
Note that the group of clathrin coats which
assembled below the dendritic shaft (arrow)
was in a filopodium not easily visible in the
clathrin-GFP channel at this level of contrast.
Scale bar, 2 m.
(E) Hot spots of clathrin coat formation at the
tips of filopodia. Image of a 5 DIV neuron with
a small section of dendrite and filopodium
outlined in gray (top), and the kymograph
(bottom) of the line shown in red. Note the
repeated formation of clathrin coats followed
by rapid movement of coated vesicles down
the filopodia (arrows). Scale bars: 2 m (top)
and 1 m, 25 s (bottom). See Supplemental
Movie S4C on Neuron website for original im-
age timelapse.
Developmental Appearance of a Stable of clathrin-GFP in non-neuronal cell lines, where the
average coated pit lasts only 20–80 s (Gaidarov et al.,Endocytic Zone
The vigorous clathrin assembly dynamics observed in 1999), we anticipated that most coated pits present at
the start of the experiment would disappear during thedendritic filopodia prompted us to investigate whether
the stability of clathrin coats changes during develop- image series. For young neurons (7 DIV), this was in-
deed the case. Specifically, 60.8%  11.4% of clathrinment. In the dendrites of young neurons (7 DIV),
clathrin coats appeared or disappeared frequently (Fig- coats disappeared within 2 min (Figure 5C; N  82
puncta in the dendrites of four cells). However, in den-ure 5A, top panels, and Supplemental Movie S3 on Neu-
ron website). In contrast, clathrin puncta persisted for drites of older neurons (3–5 weeks), only 10.0%  2.2%
of existing clathrin coats dispersed during this time (Fig-long periods of time in dendrites of mature neurons
(3–6 weeks; Figure 5A, bottom panels). Kymographs of ure 5C; N  107 puncta in six cells). Thus, there was a
10-fold increase in average clathrin coat lifetime—fromdendrites from young neurons were composed of short,
vertical bands that frequently began or ended midway 1.8  0.5 min to 18.3  4.2 min—as neurons matured
in culture (Figure 5D). This developmental change inthrough the image series (Figure 5B, top panels). In addi-
tion, movement frequently occurred prior to sudden clathrin coat stability was not accompanied by changes
in coat lateral mobility, mean offset from the averagedimming, reflecting the loss of the clathrin coat from a
mobile vesicle (Figure 5B, top panels; also see Figure position, or coat velocity (Figure 5E; mobility radius
0.19 0.02 m young versus 0.15 0.01 m old; offset3G). In contrast, kymographs of mature dendrites con-
sisted almost entirely of vertical bands stretching the 0.09 0.02 m young versus 0.06 0.01 m old; veloc-
ity 0.02  0.004 m/s young versus 0.02  0.002 m/slength of the timelapse (Figure 5B, lower panels), reveal-
ing the steady-state persistence and limited mobility of old). Together, these findings show that clathrin coat
dynamics in mature neuronal dendrites is markedly dif-coated pits in older neurons. These vertical bands were
on occasion punctuated by abrupt decreases in inten- ferent from those in non-neuronal cell lines. Further,
these results demonstrate that stable zones of clathrinsity (Figure 5B, lower right panel), but only rarely disap-
peared completely (see also Figure 2D). accumulation arise during dendrite development, sug-
gesting that progressive restriction of the endocytic ma-To quantify developmental changes in coated pit per-
sistence and mobility, we monitored clathrin coats in chinery accompanies specialization of the dendritic
plasma membrane.dendrites continuously for 120 s. Based on the behavior
Clathrin Dynamics in Endocytic Zones of Dendrites
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Figure 5. Clathrin Coats Stabilize during De-
ndrite Development
(A) Clathrin coats are transient in young neu-
rons (5 DIV; top) but long-lived and stable
in mature neurons (23 DIV; bottom). Images
were taken at 10 s intervals. Arrowheads indi-
cate stationary clathrin-GFP structures pres-
ent during all frames. Asterisks indicate
clathrin-GFP puncta that appeared or sud-
denly brightened. Open circles indicate struc-
tures that suddenly dimmed or disappeared.
Scale bar, 2 m.
(B) Kymograph analysis of coated pit mobility.
Symbols mark coat appearance (white arrows)
and coat disappearance (black arrows; often
preceded by movement in young neurons),
and abrupt changes in fluorescence intensity
(black arrowhead). Images were acquired at
0.85 Hz. Scale bars: 10 m, 25 s (left panels)
and 2m, 10 s (right panels). See Supplemen-
tal Movie S3 on Neuron website for original
image timelapses.
(C) Percentage of clathrin coats present at the
start of a 2 min timelapse that disappeared
during the image series in the dendrites of
young (5–6 DIV) and old (21–40 DIV) hippo-
campal neurons. N  82 coats in four young
cells and 107 coats in six old cells. **p 0.01.
(D) Clathrin coat lifetime in young and old
neurons derived from the frequency of un-
coating events shown in (C). **p  0.01.
(E) The radius of the region within which
clathrin coats moved, the mean offset from
their average position, and coat velocity
showed very little change over dendritic de-
velopment.
Endocytic Zones Adjacent to the PSD ternally to live neurons concentrated before internaliza-
tion in spots on the spine membrane that colocalizedin Dendritic Spines
A variety of signaling receptors present in dendritic with clathrin-GFP (Figure 6D).
Clathrin coats in mature, mushroom-shaped spinesspines, including glutamate receptors, have been shown
functionally to undergo clathrin-mediated endocytosis persisted continuously for long periods at stable sites
near the plasma membrane (Figure 6C, top panels). In(Wang and Linden, 2000; Man et al., 2000; Ehlers, 2000;
Carroll et al., 2001). However, it is unclear whether recep- marked contrast, clathrin coats in the long, slender den-
dritic filopodia of mature neurons were highly dynamictors engage the endocytic machinery directly in spines
or must be translocated to the dendritic shaft before and quickly disappeared soon after coming into exis-
tence (Figure 6C, bottom panels, and Supplementalinternalization. We investigated whether dendritic
spines contain clathrin coats indicative of endocytic ca- Movie S4C on Neuron website). Continuous imaging
revealed that 62%  9% of clathrin coats present inpacity, and found that mature neurons contained a
clathrin punctum in 74.8%  7.6% of their spines (Fig- filopodia disappeared within 90 s, whereas in mature
spines, only 8%  3% disappeared over the same timeures 6A and 6B; N  105 spines in six neurons). The
majority contained puncta in the spine head (68.4%  period (N  4 cells each).
The organization of protein trafficking machinery in8.4%) and many contained clathrin coats in the spine
neck (19.6%  6.7%). Immunocytochemical labeling of dendritic spines is essentially unknown. We found sev-
eral lines of evidence that the stable clathrin coats inendogenous clathrin or subunits of the AP-2 complex
supported our observation of endocytic protein assem- spines lie immediately adjacent to, but seldom overlap
with, the postsynaptic density (PSD). First, the majorityblies in spines, but it was difficult to distinguish postsyn-
aptic structures unequivocally from the intense staining of spines we observed in confocal reconstructions con-
tained clathrin coats lateral to the broad, distal tip ofassociated with apposed presynaptic terminals (data
not shown). Importantly, the clathrin coats in spines the spine head (Figure 6A), a position away from the
typical location of the PSD (Sorra and Harris, 2000),were functional in endocytosis, as Alexa-Tf applied ex-
Neuron
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Figure 6. Clathrin Coats in Spines Mark Sta-
ble Endocytic Zones Adjacent to the Postsyn-
aptic Density
(A) Clathrin coats are present in most den-
dritic spines. A segment of dendrite from a
hippocampal neuron is shown in a maximum
projection from a confocal stack. Arrowheads
indicate clathrin puncta in spine heads. Scale
bar, 2 m.
(B) Proportion of spines containing clathrin
coats in the indicated compartments. N 
105 spines in six neurons.
(C) Differential stability of clathrin coats in
a spine (top panels) and filopodium (bottom
panels) in 20–23 DIV neurons. The frequent
appearance of new coats at the tip of the
filopodium (asterisk) contrasted with the sta-
ble, long-lasting nature of coats in mature
spines (arrowheads). Neurons were trans-
fected with CFP (red) and clathrin-YFP
(green). Panels represent individual frames
from a timelapse at the indicated times. Scale
bar, 1m. See Supplemental Movies S4A and
S4B on Neuron website for original image
timelapses.
(D) Endocytosis occurs at the stable clathrin
coats in spines. Alexa-Tf was applied for 1
min and washed off for 10 s before sequential
clathrin-GFP (green) and Alexa-Tf (red) im-
ages were collected from a single confocal
plane. Arrowheads mark dendritic spines.
Neuron 24 DIV. Scale bar, 2 m.
(E) Clathrin coats (green) occupy sites adja-
cent to the postsynaptic density as revealed
by immunostaining for the scaffold protein
shank (red). Most clathrin puncta lay to the
side of shank-positive puncta (arrowheads),
although occasional areas of overlap were
observed (arrow). Scale bar, 3 m.
(F) Clathrin (red) and PSD95 (green) occupy
non-overlapping zones within spines. Single
example spines from several neurons are
shown. Scale bar, 1 m.
and many coats were located in or near the spine neck al., 1999), and some endocytic vesicles are propelled to
the cell interior at the tips of actin tails (Merrifield et al.,(Figure 6B). Second, little colocalization of clathrin-GFP
1999). To examine the role of actin in regulating clathrinwas seen with endogenous shank (Figure 6E), a multido-
dynamics in neuronal dendrites and spines, we manipu-main scaffolding protein integral to the PSD (Naisbitt et
lated actin and measured the effect on clathrin coatal., 1999). Third, coexpression of clathrin-DsRed with
dynamics. Treatment of young neurons (7 DIV) withPSD95-GFP revealed closely linked yet almost com-
the actin-depolymerizing agent latrunculin (5 M, 4–24pletely exclusive locations of these two proteins within
hr) dramatically decreased the turnover of clathrin coatsspines (Figure 6F). Clathrin-DsRed has been well char-
(Figure 7A, top panel). In young control neurons, 46%acterized previously (Engqvist-Goldstein et al., 2001;
7% of clathrin coats disappeared during a 90 s imageSantini et al., 2002), and showed identical distribution
series, whereas 17%  4% did so in latrunculin-treatedand dynamic behavior as clathrin-GFP in our experi-
neurons (Figure 7B). Surprisingly, jasplakinolide (2 M,ments. These results provide strong evidence that requi-
2–4 hr), which stabilizes filamentous actin, had a similarsite machinery exists for the endocytosis of synaptic
effect on coat stability with only 11%  3% of clathrinreceptors directly in a majority of dendritic spines. More-
coats disappearing during timelapses from jasplakino-over, our findings demonstrate the presence of a spe-
lide-treated neurons (Figure 7B). Interestingly, in maturecialized endocytic zone, here defined by the presence
neurons, actin depolymerization nearly tripled the fre-of clathrin-GFP, flanking the PSD.
quency with which coats disappeared (27%  6% of
clathrin puncta disappeared compared to 10%  2%
Control of Clathrin Coat Dynamics in control neurons; Figure 7B). Actin stabilization with
by the Actin Cytoskeleton jasplakinolide had little effect on the lifetime of clathrin
In non-neuronal cells, the lateral mobility of clathrin- puncta in these older neurons (8%  3% disappeared).
In contrast to the marked effect of actin perturbation oncoated pits is restricted by cortical actin (Gaidarov et
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dendrites requires an appropriate dynamic balance of
actin polymerization and disassembly.
Activity-Independent Establishment
of the Postsynaptic Endocytic Zone
The endocytosis of several postsynaptic receptors is
regulated by activity (Carroll et al., 2001; Ehlers, 2000;
Moss and Smart, 2001; Roche et al., 2001; Snyder et
al., 2001), but it has been unclear whether this regulation
occurs by recruiting the endocytic machinery itself or
by controlling the movement of receptors into constitu-
tively active zones of endocytosis (Borgdorff and Cho-
quet, 2002). To address this question, we manipulated
activity levels and glutamate receptor activation and
measured the effect on clathrin coat dynamics in hippo-
campal neurons expressing clathrin-GFP along with
DsRed2. Application of AMPA (100 M, 1–10 min), a
treatment known to induce robust internalization of
AMPA-type glutamate receptors (Beattie et al., 2000a;
Carroll et al., 1999; Ehlers, 2000; Lin et al., 2000; Zhou
et al., 2001), had little effect on clathrin coat localization
or stability (94%  6% dispersal rate relative to control;
Figures 8A and 8C). Likewise, application of NMDA (100
M  1 M glycine), which also evokes the internaliza-
tion of surface AMPA receptors (Beattie et al., 2000a;
Carroll et al., 1999; Ehlers, 2000; Lin et al., 2000; Zhou
et al., 2001), did not cause appreciable loss of clathrin
from endocytic zones (102%  2% dispersal rate rela-
tive to control; Figure 8C). Similarly, strong and pro-
longed activation of presynaptic terminals with electrical
field stimulation at 20 Hz for 10 to 60 s had no effect
on the persistence of existing clathrin assemblies
(113%  5% rate of disappearance during and in the 2
min following stimulation compared to the period 1 min
prior to stimulation; Figures 8B and 8C). Chronic eleva-
tion (50 M bicuculline, Bic) or depression (1 M TTX)
of excitatory synaptic activity as well as chronic block-
ade of NMDA receptors (50 M APV) or metabotropic
glutamate receptors (250 M MCPG) all had no effect
on the rate of spontaneous dispersal of clathrin coats inFigure 7. Clathrin Coating and Uncoating Cycles in Dendrites Re-
spines (Figure 8C; TTX, 95%  5% rate of spontaneousquire a Dynamic Actin Cytoskeleton
disappearance relative to control cultures; APV 85% (A) Kymographs of clathrin-GFP fluorescence in hippocampal neu-
11%; Bic 97%  5%; MCPG 100%  5%). Togetherron dendrites (6 DIV) following incubation with vehicle (control, 0.5%
DMSO, 24 hr), latrunculin (5 M, 24 hr), or jasplakinolide (2 M, 2 these results show that formation of the persistent endo-
hr). Scale bars, 10 m, 20 s. cytic zone, like the PSD itself (Nimchinsky et al., 2002),
(B) Quantification of clathrin coat turnover. Percentage of clathrin is autonomous of synaptic activity. Moreover, clathrin
coats present at the start of a 1.5 min timelapse that disappeared
remains tightly localized to endocytic zones indepen-during the image series. **p  0.05 compared to control; *p  0.05
dent of synaptic activity and these zones of ongoingcompared to control or jasplakinolide-treated cells. N  2 to 3 neu-
endocytosis remain intact during stimuli that promptrons and 54 to 66 coats in all cases.
(C) Range of clathrin coat movement in both young (5–6 DIV) and vigorous internalization of neurotransmitter receptors.
old (21–40 DIV) neurons treated with vehicle (control), latrunculin,
or jasplakinolide measured as in Figure 5E. Ongoing Clathrin Turnover in the Stable Clathrin
Zones of Spines
To determine whether apparently stable coats were in
clathrin coat lifetime, neither latrunculin nor jasplakino- fact recycling clathrin, we measured fluorescence re-
lide altered the size of the area over which clathrin coats covery after photobleaching (FRAP). Stable coats were
moved (Figure 7C), the mean offset from their average identified in the spines or shafts of neurons 21–30 DIV,
position, or their velocity within their small regions of and 1–2 m regions surrounding the clathrin coats were
movement (data not shown). Since both jasplakinolide photobleached (Figure 9A). Within minutes, fluores-
and latrunculin decrease clathrin turnover in young neu- cence became concentrated once again at the original
rons, yet latrunculin increases turnover in mature neu- site of the coats (Figures 9A and 9B; 	spine  2.4  0.3
min, N  18 spines in five cells; 	shaft  1.7  0.3 min,rons, these findings demonstrate that endocytosis in
Neuron
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Figure 9. Differential Rates of Clathrin Exchange at Stable Coats of
Spines and Shafts
(A) Fluorescence recovery after photobleaching clathrin-GFP. A stretch
of dendrite before and at indicated times after bleaching the boxed
region over a spine and shaft. Neuron 22 DIV. Scale bar, 2 m.
(B) Quantification of FRAP in dendritic spines or shafts after photo-Figure 8. Activity-Independent Establishment and Maintenance of
Endocytic Zones in Spines bleaching regions 1 to 2m wide. The ratio of intensities in bleached
and unbleached regions is plotted as the fractional recovery from(A) Endocytic zones marked by clathrin-GFP are unaltered during
the bleached state. Note the y axis break from 0.5 to 0.9.AMPA receptor activation. Clathrin coats (arrowheads) were stably
(C) Fluorescence recovery at longer time points after photobleach-present in spines before, during, and after treatment with 100 M
ing (N  3 in each condition; *p  0.05). Altering synaptic activityAMPA for 1.5 min. Neuron 24 DIV. Scale bar, 3 m.
levels pharmacologically (1 M TTX or 50 M bicuculline, Bicuc)(B) Clathrin coats are not affected by strong synaptic stimulation.
did not influence the degree of fluorescence recovery in spines.Kymograph analysis of clathrin-GFP in a 21 DIV cell as 10 s and 40
s trains of continuous, 20 Hz field stimulation were applied (arrow
bracket). Scale bars 40 s and 4 m.
(C) The stability of clathrin coats in dendritic spines of 22–28 DIV pools. Although this exchange could in principle occur
neurons is unaffected by glutamate receptor activation (100 M in the absence of endocytosis (Wu et al., 2001), the large
AMPA or 100 M NMDA 1 M glycine for 1.5 min), acute synaptic
percentage of coats that persist for long periods (Figurestimulation (10–60 s at 20 Hz), or chronic alterations in excitatory
5) along with the high proportion that colocalize with Tfsynaptic activity levels (1 M TTX, 100 M Bic, 50 M D-APV, or
during its uptake (Figures 2B and 6D) argue strongly250 M MCPG for 3–18 days). Data represent means  SEM of
the percent of coats which disappeared over the course of 3 min that clathrin coat zones in mature neurons are involved
compared to control (N  3–6 neurons for each condition). in endocytosis.
Interestingly, recovery of clathrin-GFP fluorescence
in dendritic spines was incomplete (43%  4% of the
proportion that was bleached; Figure 9C), indicating thatN  10 bleached regions in five cells; p  0.01). This
provides a direct demonstration of clathrin exchange only a limited amount of clathrin-GFP from non-
bleached regions outside the spine was incorporatedbetween apparently stable clathrin coats and cytosolic
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consequence, synaptic receptors and other membrane
proteins must be translocated to endocytic sites before
internalization, which spatially and temporally separates
their functional inactivation from endocytosis.
Fast and Local Clathrin Recycling
As visualized in living neurons, clathrin assembly is rapid
and cooperative, and clathrin disassembly takes only
seconds. The fastest complete cycle of coat assembly,
dispersal, and reassembly at the same location occurred
in 30 s. These measurements of single clathrin coat
behavior in living cells are remarkably consistent with
measurements of the time of one endocytic cycle in
presynaptic nerve terminals (Miller and Heuser, 1984;
Morgan et al., 2001), suggesting a common mechanism
shared in these two fundamentally unique compart-Figure 10. Proposed Model of Clathrin Dynamics in Spines
ments of the neuron.An illustration of the regulation and dynamics of clathrin coats at
The rapid assembly and recycling of clathrin is anmembrane domains dedicated to endocytosis in spines. See text
extremely localized process. Clathrin coat assembly oc-for details.
curs throughout dendrites but only at defined loci on
the plasma membrane, notably in hot spots at the tips
of filopodia and in lateral domains of mature spines.during recovery. This suggests either that only some
Moreover, direct visualization of clathrin uncoating fromclathrin at the stable spot recycles or that most recycling
budding vesicles shows that clathrin uncoats when vesi-in spines involves local (i.e., bleached) molecules. Con-
cles are within 0.3 m of the coated pit. The vesicles wesistent with the notion that spines provide local, bio-
measured may even represent the most mobile subset,chemical compartmentalization (Nimchinsky et al.,
since our live-cell imaging methods cannot resolve2002), the exchange of clathrin at coats in dendritic
clathrin recycling when coat proteins shed from a vesicleshafts occurred both more quickly and to a much greater
are immediately reused at the coated pit. Such immedi-extent than at coats within spines (Figures 9B and 9C)
ate recycling almost certainly occurs, as photobleachingreaching nearly complete recovery after 15 min. Clathrin
experiments demonstrated that only a fraction ofmovement into and out of dendritic spines may thus
clathrin in spine coats is incorporated from distantbe limited by a diffusional barrier at the spine neck.
pools. Notably, clathrin coats within dendritic shafts,Furthermore, as shown in Figure 9C, the degree of fluo-
like clathrin coats in non-neuronal cells (Wu et al., 2001),rescence recovery 15 min after photobleaching was unal-
drew a much larger fraction of clathrin from distant poolstered by acute changes in synaptic activity (50M bicucul-
during ongoing clathrin exchange, consistent with theline for 1 hr, 36% 12% recovery, N 13 spines in three
notion that spines serve as biochemical compartmentscells; 1 M TTX for 1 hr, 41%  3% recovery, N  8
distinct from neighboring dendritic shafts (Nimchinskyspines in two cells). In summary, these results indicate
et al., 2002; Sorra and Harris, 2000). Together, thesethat during assembly, clathrin is preferentially drawn from
results suggest that local regulation of the endocyticlocal cytosolic pools within dendritic spines, and that bud-
machinery, particularly local cycles of clathrin assemblyding vesicles in spines shed their clathrin coats within a
and disassembly, may mediate changes in the mem-remarkably small distance of the coated pit.
brane composition and signaling properties of tightly
restricted dendritic regions.Discussion
Here we report the distribution and dynamics of the core The Endocytic Zone and Membrane Traffic
in Spinesendocytic machinery in neuronal dendrites and spines.
Figure 10 summarizes these results in a model of clathrin The insertion, stabilization, and internalization of recep-
tors and channels control signaling in dendrites and atfunction in spines. (1) Membrane domains dedicated
to endocytosis are established and maintained as an synapses. These various protein trafficking events are
closely linked, but it has been unclear whether theyactivity-independent feature of postsynaptic specializa-
tion. (2) Clathrin cycling between pools on the plasma occur at distinct sites of the dendritic plasma mem-
brane. At excitatory synapses, the PSD morphologicallymembrane, on vesicles, and in the cytosol is rapid and
tightly localized. Little free clathrin diffuses to other en- and biochemically defines a domain in which stabiliza-
tion of receptors and signaling molecules occurs. Thedocytic zones, potentially meeting the greatest barrier
through the obstruction of the spine neck. (3) Dynamic enduring presence of clathrin at membrane regions of
the spine adjacent to, but distinct from, the PSD estab-actin maintains the integrity of the clathrin coat cycle by
serving as part of the endocytic scaffold, potentially by lishes the presence of a second trafficking domain dedi-
cated to endocytosis. These endocytic zones were sta-propelling budded vesicles (Merrifield et al., 1999), or
by regulating cytosolic clathrin and accessory proteins ble over long periods of time, persisting at least tens of
minutes (rather than tens of seconds as did clathrin(Qualmann et al., 2000; Slepnev and De Camilli, 2000).
(4) Endocytic zones are adjacent to, but spatially segre- coats in immature neurons), and their establishment and
maintenance were not dependent on synaptic activity.gated from, the postsynaptic density (PSD). (5) As a
Neuron
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Interestingly, synaptic vesicle endocytosis in the pre- brane lipid and protein composition. It is therefore
synaptic terminal is typically separated from the active tempting to speculate that synapse formation itself trig-
zones where exocytosis takes place (Brodin et al., 2000; gers the specialization of the dendritic membrane into
Miller and Heuser, 1984; Teng et al., 1999), consistent discrete zones for both the postsynaptic and endocytic
with the general notion that different types of membrane apparatus that may be functionally and physically linked.
traffic are segregated, even when intimately linked.
Although the PSD and endocytic zone occupy spa- Endocytosis in Spine Plasticity
tially distinct areas of the spine membrane, their adjoin- Dendritic spines undergo many forms of plasticity, and
ing nature suggests a functional and molecular linkage. the presence of long-lasting endocytic zones within
Indeed, PSDs were seldom observed without adjacent them suggests that local endocytosis of membrane lipid
endocytic zones. This spatial arrangement may be due or proteins may play a direct role in mediating spine
to protein interactions that directly or indirectly connect plasticity. Membrane remodeling during spine creation
the PSD to endocytic structures (Husi et al., 2000; Oka- or withdrawal likely involves lipid turnover via internal-
moto et al., 2001), or perhaps to localization of lipid ization (Hasbani et al., 2001). Similarly, the motility of
modifying enzymes, cargo receptors, or adaptors that mature spines is dependent on the rich supply of spine
themselves nucleate clathrin (Ford et al., 2001; Itoh et actin (Matus, 2000), but the regulated addition or re-
al., 2001; Morgan et al., 2000; Wenk et al., 2001). It moval of membrane may substantially contribute to dy-
remains to be determined whether membrane protein namic alterations of spine morphology (Nimchinsky et
insertion in the postsynaptic compartment is likewise al., 2002). At excitatory synapses onto spines, plasticity
accomplished at dedicated zones, and how such puta- of neurotransmission is supported by continuous endo-
tive “exocytic zones” might be physically and molecu- cytosis of AMPA receptors from the postsynaptic mem-
larly related to the endocytic zone and PSD. Recent brane (Ehlers, 2000; Lin et al., 2000; Luscher et al., 1999),
evidence suggests that different subtypes of glutamate but it has been unclear whether this endocytosis occurs
receptors are inserted at different points in the mem- locally within spines or at more distant sites. Our results
brane (Passafaro et al., 2001), consistent with the idea support the notion of local endocytosis of postsynaptic
that postsynaptic protein traffic is mediated by selective receptors and furthermore indicate that the endocytic
interactions of cargo with dedicated membrane do- machinery is continuously accessible to local signals
mains. originating in the dendritic spine. Such accessibility has
What is the nature of clathrin-labeled endocytic zones important functional implications since spines compart-
and how are they established? One possibility is that mentalize synaptic currents, Ca2 signals, and other in-
the hot spots of clathrin assembly observed in young tracellular signaling cascades that regulate synaptic
neurons are precursors of stable clathrin domains in strength and that may regulate rates of membrane recy-
mature neurons, perhaps arising via the same mecha- cling (Nimchinsky et al., 2002; Sorra and Harris, 2000).
nisms that nucleate clathrin assembly points (e.g., Spatial segregation of endocytosis from the PSD ne-
PI(4,5)P2 production; Ford et al., 2001; Itoh et al., 2001). cessitates that receptors uncouple from the PSD and
Because individual clathrin-coated pits are too small to diffuse laterally in the lipid bilayer prior to internalization.
be resolved by light microscopy, a single, apparently Consistent with this notion, uncoupling NMDA receptors
steady zone could contain several nearby hot spots un- from PSD proteins can lead to internalization (Roche
dergoing continuous clathrin cycling (Wu et al., 2001). et al., 2001). In addition, AMPA receptors experience
Alternatively, they could be reservoirs of clathrin, per-
regulated mobility within the lipid bilayer (Borgdorff and
haps in the form of planar, membrane-associated lat-
Choquet, 2002), and endocytosis of AMPA receptors
tices (Heuser and Anderson, 1989; Larkin et al., 1986)
during long-term depression is preceded by phosphory-that could serve as a molecular supply for endocytosis
lation-dependent uncoupling of GluR2 subunits from theon demand (Kirchhausen, 2000). The relatively low num-
synaptic scaffolding protein GRIP (Xia et al., 2000). Atber of invaginated coated pits seen in electron micro-
excitatory synapses, the low affinity of AMPA receptorsgraphs of the spines of hippocampal neurons (Cooney
for their agonist glutamate makes them ideally suitedet al., 2002; Spacek and Harris, 1997; Toni et al., 2001),
to this type of positional control over their activation,compared to the frequent clathrin-GFP puncta we ob-
by lateral movement into and out of the synaptic regionsserved in spines, supports the notion that clathrin pri-
(Borgdorff and Choquet, 2002) where glutamate concen-marily assembles into planar arrays on the cytoplasmic
tration is the highest. Receptor movement between theleaflet. Such assemblies would not be readily detectable
postsynaptic membrane and sites of clathrin-coated pitby electron microscopy, which relies on morphological
formation may thus control transmission and plasticityfeatures such as membrane invagination to identify
at the synapse. More broadly, the coordinated establish-coated structures. Indeed, immunocytochemical detec-
ment of the endocytic zone, the PSD, and other special-tion of clathrin reveals a dense pattern of clathrin puncta
ized membrane domains may provide a general mecha-in dendrites essentially identical to that labeled using
nism for regulating the molecular composition andclathrin-GFP (Figure 1 and Beattie et al., 2000b).
functional properties of local regions in dendrites.The emergence of stable clathrin assemblies during
neuronal development coincides with a decrease in the
Experimental Proceduresnumber of filopodia and an increase in the number of
mature spines and synapses (Fiala et al., 1998). The DNA Constructs
frequent budding at the tips of filopodia suggests a Clathrin-GFP was produced from rat clathrin light chain A1 (acces-
mechanism to detect extracellular signals that may be sion #M15882, a gift from T. Kirchhausen and E. Lafer) amplified by
PCR and subcloned into pEGFP-C1 (Clontech). Clathrin-CFP andinvolved in contact stabilization or remodeling of mem-
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clathrin-YFP were created by swapping the fluorescent protein se- described in Supplemental Experimental Procedures on the Neuron
website.quences from ECFP-C1 or EYFP-C1 with clathrin-GFP. Clathrin-GFP
Sindbis pseudovirions were produced from pSinRep5 (Invitrogen).
Clathrin-DsRed was a gift from Jim Keen, and GFP-PSD-95 was a Pharmacology
gift from David Bredt. To produce 2-adaptin-YFP, the GFP from Latrunculin and jasplakinolide were added to the culture medium
human 2-adaptin-GFP (a gift from Marc Caron) was excised and from stocks in DMSO to a final concentration of 5 M and 2 M,
replaced by EYFP from EYFP-C1. Eps15 constructs (gifts from Alex- respectively. Following incubation for 2–24 hr, cells were imaged in
andre Benmerrah) were obtained in pEGFP, and the GFP was re- buffer with the drug concentration maintained at 1 M.
placed with CFP at the BsrGI and Nhe1 sites. DsRed2-N1 was from
Clontech. Statistical Analysis
Error bars represent the standard error of the mean. Statistical com-
parisons were t tests. Further details are described in SupplementalNeuronal Culture and Transfections
Experimental Procedures on the Neuron website.Neurons were cultured essentially as described (Scott et al., 2001).
Neurons were transfected with Lipofectamine 2000 (GIBCO) ac-
Acknowledgmentscording to the manufacturer’s recommendations, except that 1.5
g of each DNA in 25 l Opti-MEM and 1 l of Lipofectamine 2000
We thank Tom Kirkhhausen and Eileen Lafer for clathrin light chainin 25 l Opti-MEM were mixed and added to coverslips in 12-well
a1 cDNA, Marc Caron for 2-adaptin-GFP, Alexandre Benmerrah forplates.
Eps15-GFP constructs, Jim Keen for clathrin light chain-DsRed,
David Bredt for GFP-PSD-95, and Eunjoon Kim for shank antibody.
Western Blotting and Immunocytochemistry
We are also indebted to Chi Zhang for culturing neurons, creating
Cortical neurons 6 DIV were infected with Sindbis virus expressing
pECFP-C2, and subcloning the Eps15 constructs, and to Larry Katz
clathrin-GFP. After 18 hr, cells were lysed, harvested, and immu-
and the Duke DCMB confocal facility for microscopes used for
noblotted with a polyclonal antibody against GFP (Clontech). For
photobleaching. We also thank George Augustine, Guoping Feng,
immunocytochemistry of hippocampal neurons, coverslips were
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